The research presented here was conducted in order to determine the influence of exogenous traumatic acid (TA) on the growth, metabolism, and antioxidative activity of vascular water plant, Wolffia arrhiza Wimm. The research was concerned with TA influences, in concentrations of 10 -8 M -10 -4 M, on fresh W. arrhiza, and on primary metabolites, such as monosaccharides, proteins, chlorophylls a and b, and carotenoids. It was determined that TA causes a substantial increase in these metabolites compared to the control, especially at concentrations of 10 -7 -10 -6 M. Polyacrylamide gel electrophoresis of proteins (SDS-PAGE) was conducted in order to specify in more detail the qualitative changes in proteins, whose synthesis is stimulated by TA. Under the influence of TA W. arrhiza cells saw an induction of de novo synthesis of 3 proteins with molecular weights of 10, 58, and 90 kDa. It was proven that 10 -7 -10 -6 M concentrations of TA also increase photosynthesis intensity and the activity of antioxidative enzymes (ascorbate peroxidase, catalase, glutathione reductase, and superoxide dismutase). In 1 corresponding author: annapiet@uwb.edu.pl cells treated with exogenous TA, lipids' peroxidation decreases (expressed as a drop in malonyl dialdehyde) and sulfhydryl (SH) groups in proteins increase. Based on our research, TA plays an important role in the regulation of growth and metabolism in W. arrhiza. Our results also show that TA possibly participates in the activation of antioxidant enzymes and its probable participation in the metabolic responses of lower water plants to oxidative stresses.
INTRODUCTION
Traumatic acid (TA, trans-2-dodeceno-1.12-dicarboxylic acid) is a plant wound hormone, which was first isolated from Phaseolus vulgaris (L.) by English and Bonner in 1937 (Zimmermann and Coudron 1979) . TA is found in the tissues of numerous plant species. TA is mainly synthesised in young, intensively growing and developing organs, such as leaves, fruits, and seeds. As the plant ages, a gradual transformation of free acid into its ester, a biologically inactive form, takes place (Zimmerman and Coudron 1979 , Croft et al. 1993 , Grekchin 1998 . Additionally, a derivative of traumatic acid -10-oxy-trans-8-decano acid (ODA) -was isolated from a common mushroom (Agaricus bisporus). ODA exhibits biological activity similar to traumatic acid and is currently one of the better-researched and most commonly occurring stimulators of mycelia growth (Champavier 2000) .
The precursors of traumatic acid are the 18-carbonic unsaturated fatty acids: linolic acid (18:2, Δ 9,12) and linolenic acid (18:3, Δ 9,12,15) , which are released from the membrane lipids fraction as a result of the activity of phospholipases A2 and D (León et al. 2001 ). The first reaction in the TA synthesis pathway is the oxidation of linolenic or linoic acid, which leads to the production of the following acids: 13-hydroperoxylinolenic (13-HPOT) and hydroperoxylinoic . This reaction is catalyzed by lipoxygenases -LOXs -(EC 1.13.11.12). The next step in TA biosynthesis in plants is the splitting of the 18-carbonic chain of 13-HPOT or 13-HPOD into 6-carbonic volatile aldehydes (2E)-hexenal or hexanal and 12-oxo-(9Z)-dodecanic acid, which undergo transformation into traumatin as a result of the isomerisation. The last stage of the TA biosynthesis pathway is the non-enzymatic oxidation of traumatin into traumatic acid. TA synthesis is induced and regulated mainly by environmental stress factors, especially wounding, but also by high and low temperatures, UV, or osmotic shock (Zimmerman and Coudron 1979 , Siedow 1991 , Stelt et al. 2000 , Goldsmith et al. 2002 , Howe and Schilmiller 2002 .
Until now, not many studies have been done on the physiological and metabolic activity of traumatic acid in plants. The first observed effect of TA activity was the stimulation of cell division and growth in higher plants. What is more, it was revealed that TA is one of many factors that initiate the process of plant blooming (Zimmerman and Coudron 1979; Grekchin 1998 Grekchin , 2002 . Our earlier research, conducted on the unicellular alga C. vulgaris, has proven that TA causes an increase in the number of cells of the algae and an increase in the primary metabolites in them, e.g. monosaccharides, chlorophylls, caretonoids and cellular proteins. It has also been shown that new proteins (unidentified in the control), which have molecular masses of 13 -103 kDa, appear in algal cells treated with exogenous TA (Pietryczuk et al. 2008) . There also exists an experimental condition which suggests that TA cooperating with other phytohormones, especially jasmonic acid and abscisic acid, plays a crucial role in inducing physiological and metabolic responses not only to mechanical wounding but also to many other environmental stress factors (Sivasankar et al. 2000) .
Wolffia arrhiza (L.) Wimm. (Lemanceae) is the smallest vascular water plant on earth. It has no leaves, stems or roots. It may produce flowers and seeds but in our environmental conditions it reproduces only vegetatively. Moreover, this plant is characterized by fast vegetative multiplication, considerable resistance to various stresses and toxic conditions, and has the ability to feed mixotrophically. Thanks to these properties, Wolffia is commonly used in the biotechnological treatment of sewage, especially that of human and agricultural origins. In the waters of Poland this plant is becoming more and more widespread, particularly in small, shallow bodies of eutrophic waters. Moreover, W. arrhiza is a desirable food source for aquatic organisms because of the presence of valuable proteins, starches, phytohormones, vitamins, and microelements (Fujita M. et al. 1999 , Mical and Krotke 1999 , Szamrej and Czerpak 2004 .
It should be presumed that TA is a compound that actively participates in the regulation of numerous biochemical and physiological processes in plants, especially those related to mechanisms of responding to environmental stress factors. However, it is still unknown which exact processes are controlled by TA. Therefore, the main aim of this paper was to determine the influence of TA on the growth and metabolism of the smallest vascular plant, Wolffia arrhiza Wimm. Reactive oxygen species (ROS) are produced not only under stress but also under physiological conditions during biochemical oxidoreductive processes such as respiration or photosynthesis. The impact of TA on antioxidative processes was also researched.
MATERIALS AND METHODS

Plant material and growth conditions
Cultures of Wolffia arrhiza (L.) Wimm. (Lemnaceae) came from the Institute of Biology at the University of Białystok. The Wolffia arrhiza was cultivated for 14 days under controlled conditions at 25 ±0.5°C. Illumination was supplied for a 16-h photoperiod (8-h dark period) by a bank of fluorescent lights yielding a photon flux density of 50 µmol m -2 s -1 Photosynthetically Active Radiation (PAR) at the tube surface. PAR was measured with an FF-01 phytophotometer (SOMOPAN, Poland). The culture mineral medium used was Hutner's medium in the following nutritive solution: 500 mg l -1 EDTA, 500 mg l -1 MgSO4 × 7H2O, 400 mg l -1 KH2PO4, 354 mg l -1 Ca(NO3)2 × 4H2O, 200 mg l -1 KOH, 200 mg l -1 NH4VO3, 65.9 mg l -1 ZnSO4 × 7H2O, 25.2 mg l -1 Na2MoO4 × 2H2O, 24.9 mg l -1 FeSO4 × 7H2O, 17.9 mg l -1 MnCl2 × 4H2O, 14.2 mg l -1 H3BO3, 3.95 mg l -1 CuSO4 × 5H2O, 0.2 mg l -1 Co(NO3)2 × 6H2O. A 1/20 dilution of the medium was used in this study. Growth and selected biochemical parameters were analyzed after 7 and 14 days of cultivation. W. arrhiza was cultured in sterile plastic boxes containing 100 ml of medium. About 0.5 g of W. arrhiza culture was treated with TA (Sigma-Aldrich). TA dissolved in 1 M NaOH was applied at five concentrations: 10 -4 M, 10 -5 M, 10 -6 M, 10 -7 M and 10 -8 M. Weaker solutions were prepared by serial dilution. An equal amount of NaOH was added to the control. Cultures were replicated five times.
Fresh weight determination
To determine fresh weight, the test plants were filtered, kept on filter paper for a few minutes to remove excess liquid, and weighed.
Monosaccharides determination
To determine monosaccharide concentration, plant samples were first collected by filtration. Next, monosaccharide content present in 0.1 g of fresh W. arrhiza was estimated after extraction in ethanol for 24 hours. Monosaccharide concentration was determined spectophotometrically, according to the method described by Samogyi and Nelson, using arsenomolybdate reagent (1954) .
Determination of photosynthetic pigments
The test for photosynthetic pigments followed filtration and homogenization of fresh W. arrhiza (0.1 g) in 99.9% methanol at 70°C for 30 minutes. The absorbance of the extract was measured at 652.4 and 665.2 nm for chlorophylls a and b and at 470.0 nm for carotenoids. The amounts of photosynthetic pigments present in the methanol extract were calculated according to the equations of Wellburn (1954) .
Determination of water-soluble proteins
Water soluble protein content was determined by filtering and homogenizing fresh W. arrhiza (0.1 g) and extracting the fraction of water-soluble proteins overnight in 0.1 M NaOH at 4°C. Protein concentration was determined spectrophotometrically by the Lowry method (1951) using Folin phenol reagent with a protein kit calibrated with bovine serum albumin as the standard.
SDS-PAGE
Soluble proteins for SDS-PAGE were extracted from seven-day-old cultures. Fresh W. arrhiza was passed through filter paper under pressure and quickly homogenized using liquid nitrogen and then a lysis buffer containing 0.5 M Tris-HCl (pH 6.8), 4% SDS, 2% 2-mercaptoethanol, 20% glycerol, and 0.001% bromophenol blue. The extract was incubated at 100°C for 5 minutes, then centrifuged at 800 g for 10 minutes. The supernatant was removed and centrifuged at 10,000 g for 5 minutes. 20 μl samples of SDS were processed as follows: proteins, at a ratio of 4:1 (v/v), were loaded onto a 12% polyacrylamide gel containing 0.1% SDS and a buffer system as per Laemmli (1970) . Gels were run at 20°C at a constant current of 15 mA for approximately 4 hours, and then stained with Coomassie brilliant blue (Fairbanks et al. 1971 ).
Photosynthesis rate determination
Photosynthesis intensity was determined by measuring the amount of oxygen released by the plant biomass using a Clark-type oxygen electrode (Hansatech Ltd. UK) (Lloyd et al. 1977) . Two cubic centimeters of W. arrhiza suspension was incubated in the measuring chamber at 25°C and 50 µmol m -2 s -1 PAR.
Assay of enzyme activities
For extraction of ascorbate peroxidase and catalase, fresh W. arrhiza was passed through filter paper under pressure and homogenized using first liquid nitrogen and subsequently a lysis buffer containing 0.1 M sodium phosphate buffer (pH 6.0), 0.1 mM EDTA and 1% PVP. The homogenate was centrifuged at 12 000 g for 20 minutes and the resulting supernatant was used to determine enzyme activity. The entire extraction procedure was carried out at 4°C.
Ascorbate peroxidase (EC 1.11.1.11) activity was determined according to Nakano and Asada (1981) . Ascorbate concentration declined in to an optical density of 290 nm. Activity was then calculated using the extinction coefficient (2.8 mM -1 cm -1 ) for ascorbate. One unit of ascorbate peroxidase was defined as the amount of enzymes that break down 1 mmol of ascorbate per min -1 .
Catalase (EC 1.11.1.6) activity was determined as per Aeby (1984) . The decrease in H2O2 concentration led to a reduction in the optical density (240 nm), and activity was calculated using the extinction coefficient (45.2 mM -1 cm -1 ) for H2O2. One unit of catalase was defined as the amount of enzymes that break down 1 mmol of H2O2 per min -1 .
For extraction of glutathione reductase, fresh W. arrhiza was passed through filter paper under pressure and homogenized using liquid nitrogen and subsequently a lysis buffer containing a 0.02 M phosphate buffer (pH 7.0). The homogenate was centrifuged at 12 000 g for 10 minutes and the resulting supernatant was used to determine enzyme activity. The entire extraction procedure was carried out at 4°C. Glutathione reductase (EC 1.6.4.2) activity was determined as per Foyer and Halliwel (1976) . The decrease in NADPH concentration lead to a decline in optical density to 340 nm, and activity was calculated using the extinction coefficient (62.2 mM -1 cm -1 ) for NADPH. One unit of glutathione reductase was defined as the number of enzymes that break down 1 µmol of NADPH per min -1 .
For extraction of sodium dismutase, fresh W. arrhiza was passed through filter paper under pressure and homogenized using liquid nitrogen and subsequently a lysis buffer containing a 0.1 M phosphate buffer (pH 7.8), 3 mM MgSO4, 1 mM dithiotreitol (DTT) and 3 mM EDTA. The homogenate was centrifuged at 12 000 g for 10 minutes and the resulting supernatant was used to determine the enzyme activity. Sodium dismutase (EC 1.15.1.1) activity was measured based on the inhibition of photochemical reduction of nitro blue tetrazolium (NBT) according to Beauchamp and Fridovich (1971) . One unit of the SOD activity was defined as the enzyme concentration required to inhibit the reduction of NBT by 50%.
Determination of lipid peroxidation
Lipid peroxidation was determined by measuring malonylodialdehyde (MDA) concentration, using the thiobarbituric acid (TBA, Sigma) method described by Heath and Packer (1968) . Fresh W. arrhiza was passed through filter paper under pressure and homogenized in 0.1% trichloroacetic acid (TCA) and then centrifuged at 12 000 g for 10 minutes. The supernatant was used to determine MDA content. MDA absorption was measured spectrophotometrically at 532 nm and MDA concentration was calculated using an extinction coefficient of 156 mM -1 cm -1 . The concentration of MDA was expressed as nmol mg -1 protein.
Determination of -SH groups
Fresh W. arrhiza was passed through filter paper under pressure and homogenized in a 10 mM potassium-phosphate buffer (pH 8.0) and centrifuged at 12 000 g for 10 minutes. The supernatant was used to determine -SH groups content. In order to determine -SH groups content samples were mixed with Ellman's reagent (5,5',-dithiobis-2-nitrobenzoic acid, DTNB, Sigma) in a 10 mM potassium-phosphate buffer (pH 8.0) (RiceEvans et al. 1991) . Absorbance of the products of the DTNB reaction with -SH groups was measured at 412 nm. The -SH group concentration was calculated using an extinction coefficient of 13.6 mM -1 cm -1 . The concentration of -SH groups was expressed as nmol mg -1 protein. A UV-Vis spectrophotometer (Shimadzu type 1201, Japan) was used for all measurements.
Each treatment consisted of five replicates and each experiment was carried out at least twice at different times. Data was expressed as a mean ±SE. A Minitab statistical package was used to carry out a one-way ANOVA. The Student's t-test was used to estimate the difference between means. Differences of p<0.05 were considered statistically significant.
RESULTS
The research showed that in fresh W. arrhiza, TA causes an increase in primary metabolites and antioxidative activity, and its activity mainly depends on the concentration used and length of exposure. TA exhibited the highest biological activity at concentrations of 10 -7 -10 -6 M. The influence of TA on the intensity of photosynthesis, on qualitative changes in protein profile, on the activity of basic antioxidative enzymes (ascorbate peroxidase, catalase, glutathione reductase and superoxide dismutase), and also on lipids peroxidation and -SH groups in proteins, were examined only at the most effective concentrations.
TA proved to be a strong stimulator of cell division in W. arrhiza. When treated with 10 -6 M TA, the biomass content in the 7 th day of culture was 52.8% higher than the control. On the 14 th day of cultivation, the increase in biomass was much lower and amounted to 31.6% more than the control. The stimulating activity of TA decreases along with its concentration (Fig. 1) .
Treatment with exogenous TA also induces an increase in the chlorophylls and carotenoids in W. arrhiza ( Fig. 2 and 3) . The largest increase in of chlorophyll a, (of 50.3 -57.6% in comparison to the control culture), was recorded on the 7 th day of culture, under the influence of 10 -7 -10 -6 M TA. Furthermore, TA used in those concentrations more intensively stimulates chlorophyll b. Its concentration increased by 55.2 -66.9% on the 7 th day of cultivation in comparison to the control. In cells of plants treated with TA, an increase in the total pool of carotenoids was also noted. Under the influence of 10 -7 -10 -6 M TA, carotenoids increased by 50.2 -61.4%, in comparison to the control. The stimulating activity of TA in W. arrhiza gradually decreases with the passage of time.
Monosaccharide content also significantly increases (Fig. 4) in the biomass of W. arrhiza treated with exogenous TA, along with photosynthetic pigments. On the 7 th day of cultivation, concentrations of 10 -7 M and 10 -6 M TA induced a rise in monosaccharide content by 38.5% and 44.8%, respectively, as compared with the control. Based on our research, it appears that treating W. arrhiza with TA also causes a significant increase in the photosynthesis rate (expressed as an amount of released oxygen per µg of chlorophyll). The photosynthesis rate was highest on the 7 th day of the experiment, when treated with a TA concentration of 10 -6 M, 89.8% higher than the control (Fig. 5) . The stimulating effect of TA weakens as the duration of the culture increases.
Like the other biochemical parameters tested, TA stimulates the production of cellular proteins. Concentrations of 10 -7 -10 -6 M produced an increase in cellular proteins in W. arrhiza by 44.8 -61.8% on the 7 th day of cultivation and by 43.8 -55.8% on day 14, in comparison to the control (Fig. 6) . The electrophoretic (SDS-PAGE) disintegration of proteins isolated on the 7 th day of the W. arrhiza culture reveals significant differences, not only quantitative but also qualitative, in the protein profile of cells of plants cultivated in the presence of optimal concentrations of TA (10 -6 and 10 -7 M), in relation to control cultures (Fig. 7) . Analyses of protein electrophoregrams showed that in W. arrhiza, biosynthesis of proteins with molecular weights of 10, 58, and 90 kDa is induced in response to exogenous TA. These proteins were not present in the control culture.
Despite the fact that plants were not subjected to any stress factors, the activity of antioxidative enzymes also increased as a result of TA treatment in the optimal range of concentrations of 10 -7 -10 -6 M ( Fig. 8 -11 ). Throughout the duration of the culture there were significant increases in ascorbate peroxidase (42.9 -70.4%), catalase (50 -68.3%), glutathione reductase (38.4 -91.3%), and superoxide dismutase (38.0 -52.5%), in comparison to the control. TA also caused a drop in malonyl dialdehyde (MDA), a basic marker of lipid peroxidation, of 31.7-47.3% below the control value (Fig. 12) , and an increase in -SH groups in proteins by 44.3 -67.4% in relation to the control culture, for the duration of the experiment (Fig. 13 ).
DISCUSSION
Plants have many organic chemical substances, in addition to classic hormones, whose mechanism of action is analogous or similar to typical phytohormones. It is important to understand these mechanisms, especially on the molecular level, and the biochemical-physiological functions of new substances. This knowledge would facilitate their practical use in many fields of human life, such as gardening, forestry, floriculture, fruit-growing, environmental protection, cosmetics, or the production of drugs and medicines. This research tested the influence of traumatic acid on the growth and metabolism of the smallest vascular plant, Wolffia arrhiza. In the future, due to the presence of numerous therapeutically active compounds, W. arrhiza might be used in phytotherapy and, due to its great detoxification capabilities, in vegetal sewage treatment plants (Czerpak and Piotrowska 2005) . Our research has shown that TA causes an increase in W. arrhiza biomass in comparison to the control culture. The stimulating effect of TA on plant growth has been known for a long time. It has been proven that internodes of ricinus (Ricinus communis) treated with exogenous TA were characterized by higher growth in comparison to control plants. Similar internode stimulation was obtained by pricking them with a sterile needle. This is probably caused by the activity of endogenous TA, which is synthesized in response to injury to internode tissue (Scott 1961) . Additionally, Zimmerman and Coudron (1979) have proven that the hypocotyl of cucumber cuttings (Cucumis sativus L.) exhibited significantly higher growth in the presence of exogenous traumatic acid. The molecular mechanism of TA activity remains undiscovered. The only known fact is that exogenous TA causes either an increase or a drop in the pace of phosphorylation of proteins, depending on their molecular weight (Asafova et al. 2005) . Very likely this is a result of its selective influence on protein kinase and phosphatase activity. One cannot discount the possibility that one of the elements participating in the TA pathway of cellular signal transmission is the MAP kinases cascade. Available literature states that in every pathway of MAP kinases, there is the MAPKK kinase (mitogen activated protein kinase kinase). It is a double specificity kinase, which catalyzes phosphorylation of the rest of the threonine and tyrosine of MAP kinases. Kinases of double specificity have been identified in many plant species and it has been proven that they influence gene expression, mitotic division, and cell differentiation (Klimecka et al. 2002) .
On the basis of our research, it has been determined that TA activates not only growth of W. arrhiza, but also causes an increase in chlorophylls a and b, the total pool of carotenoids, and the intensity of photosynthesis. A significant increase in monosaccharide content has also been found in plants cultivated in the presence of TA. One cannot exclude the possibility that TA retards the ageing processes in W. arrhiza through the inhibition of chlorophyll degradation, the stimulation of biosynthesis, and the activation of the photosynthetic systems. Another confirmation of this hypothesis may be the fact that TA also induces growth of the total pool of carotenoids in W. arrhiza, whose basic function is to protect the chlorophylls and fatty acids of the chloroplast lipids against photooxidation processes (Glaeser and Klug 2005) . Other research has proven that in rice leaves cultivated in darkness for 3 days and treated with exogenous TA, chlorophyll and cellular protein remained constant. No degradation of chlorophyll dyes was observed in these plants. Such degradation occurs in adverse environmental conditions, like lack of light (Hung and Kao 1997) . The increase in carotenoids under the influence of TA can also be related to cell structures' protection from free oxygen radicals, which are generated by many environmental stress factors and are present in cells in optimal physiological conditions.
According to the available literature, in higher plants, some monosaccharides act as signal molecules and play a regulative role, causing the expression or repression of many genes (Ciereszko 2002) . It may be assumed that exogenous TA, by stimulating synthesis and the accumulation of monosaccharides, can influence selective gene regulation, which leads to the occurrence of a particular biological effect in metabolic response to this hormone. It is known from other works that saccharides increase in plant tissues in response to pathogen attacks, wounds, and other environmental stress factors. Primarily an increase in saccharides induces the synthesis of the inhibitor of proteinases II (PIN II) (Ciereszko 2002 , Gill et al. 2003 . According to data in the available literature, TA occurs mostly in response to wounds and activates PIN II synthesis. The mechanisms by which TA causes the accumulation of monosaccharides in plant cells are not currently understood. We surmise that TA behaves somewhat like jasmonic acid, also a derivative of unsaturated fatty acids. Jasmonic acid activates the degradation of polysaccharides, the hydrolysis of saccharose in a reaction catalysed by invertases, and the process of gluconeogenesis. The increase in monosaccharide content caused by TA could also be the result of the mobilization of the cell's sugar reserves and the decay of storage polysaccharides. What is more, pathogen attacks, mechanical wounding, or thermal shock activate the expressions of genes which code for acidic invertase of cell walls (β-fructofuranosidase, EC 3.2.1.26), which catalyse reactions of saccharose decay into monosaccharides (Bogatek et al. 2002 , Ciereszko 2006 .
Our research showed that TA stimulates an increase in the proteins in W. arrhiza. The SDS-PAGE analysis determined that under the influence of TA, new proteins (not detected in the control culture) with molecular weights of 10, 58, and 90 kDa appear. Hassanein et al. (2009) , analyzing electrophoregrams of proteins isolated from soy (Glycine max) treated with JA, also uncovered the synthesis of new low-molecular proteins with molecular masses of 10, 12, and 13 kDa, which, most probably, are proteinase inhibitors. Moreover, synthesis of low-molecular proteins with molecular masses of 10, 12, and 25 kDa was found (Schweizer et al. 1993) in barley (Hordeum vulgare L.) treated with JA. It is known that, as with JA, TA is synthesized in plant tissues mainly in response to wounding, and the proteinase inhibitors produced under their influence are proteins with a molecular weight of over 25 kDa (Farmer et al. 1992) . New proteins produced in W. arrhiza under the influence of TA are probably specific proteins, synthesized in response to this hormone, which participate in regulating biochemical and physiological processes controlled by TA. Some of these proteins in vascular plants seem to be common for both TA and JA. According to Tarchevsky et al. (2001) , synthesis of proteins with a molecular weight of 90 kDa is stimulated by JA in the leaves of the pea plant (Pisum sativum).
Oxidative stress caused by ROS accompanies other environmental stresses, especially those caused by high and low temperatures, heavy metals, drought, wounds, and pathogen attacks (Foyer and Noctor 2005 , Suzuki and Mittler 2006 , Jaleel et al. 2009 ). ROS are also produced as a result of proper metabolic transformations, as by-products or intermediates of oxidative metabolism, and during biochemical oxidoreductive processes such as respiration, light-dependent photosynthesis, and reactions catalysed by oxidoreductases located in peroxisomes and glyoxysomes. TA is reportedly present in large amounts in plants subjected to stress and participates in activating the plant's resistance to various stress factors. However, there is no information in the available literature regarding antioxidative activity of TA. Our research showed that W. arrhiza treated with TA exhibits, even in normal physiological conditions and with normal metabolic processes, a substantial increase in the activity of basic antioxidative enzymes, especially glutathione reductase, in comparison with the control culture.
There is almost no knowledge about the mechanisms of TA action in plants on the molecular level. Our research shows that this hormone could regulate the activity of antioxidative enzymes. Bowler et al. (1992) suggest that derivatives of unsaturated fatty acids, and probably also TA, can act as signal transmitters to the nucleus and induce the expression of SOD genes. Additionally, stimulation of SOD activity can be positively correlated with an increase in glutathione reductase activity. It has been shown that in some plant species, e.g. tobacco, an increase in reduced glutathione (a product of a reaction catalysed by glutathione reductase) induces an increase in cytosolic mRNA CuZnSOD (Żuchowski, 1999) . Thus, a similar relationship may also operate in W. arrhiza. Moreover, reduced glutathione (GSH) is a factor in inducing cell division by stimulating the transition from G1 into S phase. Activity of the cyclins and cyclin-dependent kinases, which are necessary for the cell transition to S phase cell cycle, depend on the oxidation-reduction state of regulative proteins. It is probable that TA indirectly stimulates plant growth by increasing the activity of glutathione reductase and GSH content in plant cells.
ROS and antioxidative enzymes, especially peroxidases, actively participate in the regulation and modification of various physiological and metabolic processes, both on the cellular level and in reference to the entire multi-cellular vegetal organism. They participate in regulating processes, such as cell division, programmed cell death (PCD), regulation of stomata movements, morphogenesis, metabolism of cell walls, aging, catabolism of auxins, and hormonal signalling (Kawano 2003 , Mittler et al. 2004 , Gapper and Dolan 2006 , Kwak et al. 2006 , Szechyńska-Hebda 2007 , Haluškowá et al. 2010 . Thus, TA's stimulation of antioxidative enzyme activity in W. arrhiza is presumably connected to the regulation of numerous metabolic processes, which induce plant growth and enhance biosynthesis and the accumulation of basic metabolites. Increased activity of antioxidant enzymes with a simultaneous increase in biomass and primary metabolites in W. arrhiza is probably the result of adaptation induced by TA.
Our results show that TA contributes to a decrease in the intensity of membrane phospholipid oxidation and has a positive influence on proteins which contain sulfhydryl groups. Glutathione reductase is the main cellular enzyme that maintains a proper ratio between GSH and its oxidized formglutathione disulfide (GSSG). According to our research, TA stimulates the activity of glutathione reductase, and as a consequence, there is an increase in the concentration of GSH in W. arrhiza. GSH is responsible for such processes as protecting cysteine residues from oxidizing and removing adverse products of the reactions of lipid peroxidation. The most current research (Szalai et al. 2009 ) shows that in optimal growth conditions, in plants not endangered by any stress factors, there is a high GSH -GSSG ratio, which induces the production of a reductive environment in cells, which favors maintaining a proper structure and biological activity of cellular proteins. Research results presented here prove that, along with other phytohormones such as abscisic acid (ABA) and JA, TA actively participates in regulating GSH metabolism.
In summary, TA plays a crucial role in the growth regulation and metabolism of the simplest vascular water plant, Wolffia arrhiza. Additionally, TA has a positive influence on basic biochemical parameters related to the plant's adaptation to oxidative stress. The mechanism of TA action on the cellular level also seems to be connected with the activation of antioxidative enzymes, especially glutathione reductase. Our results also suggest practical uses of TA in the cultivation of W. arrhiza for pharmaceutical, cosmetic, nutritional and feeding aims, and for use in vegetal sewage-treatment plants.
